Introduction
============

Hyperpolarization activated cyclic nucleotide gated cation channels (HCN) are voltage-gated ion channels that structurally resemble K+ channels, with a six-transmembrane domain topology, including a pore region that conducts ion flow[@B1]. HCN channels are encoded by four separate genes, HCN1-4, which are crucial for a range of electrical signalling, including cardiac and neuronal pacemaker activity [@B2]-[@B3]. In mammals\' sinoatrial node, they are the molecular basis of pacemaker current (If), the presence of HCN1 and HCN4 isoforms has been verified in human sinoatrial node cells [@B4]-[@B6].

HCN genes are becoming important candidate genes in investigations using biological pacemakers to treat bradyarrhythmia, which were based on gene therapy and cell transplantation techniques [@B7]-[@B10] .In cloned 4 HCN gene subtypes, HCN4 is mainly expressed in the cardiac specific conduction system [@B11]-[@B15]. Previously, 3 degree atrioventricular block models by radiofrequency catheter were established on a large animal model like dogs or pigs, and HCN2 was the target gene [@B14], [@B16]-[@B17]. In this study, we established a rabbit bradyarrhythmia model based on chemical ablation of the sinoatrial node and sequential bilateral vagus nerve stimulation, and evaluated the integration and pacing function after mHCN4-modified rabbit BMSCs were transplanted into left ventricle epicardium [@B18]-[@B20]. This study provides new insights and methods to explore biological pacing therapy.

Materials and Methods
=====================

Preparation of transplanted cells and electrophysiology analyses
----------------------------------------------------------------

BMSCs were separated and purified with Percoll separating medium by density gradient centrifugation and adherence method. Bone marrow was obtained from 2 month-old Japanese white rabbits (Experimental Animal Center, The Third Military Medical University) via intertrochanteric aspiration under aseptic conditions and washed twice by Percoll density gradient centrifugation (2,000 rpm for 10 minutes and 1,000 rpm for 10 minutes). The monocytes in middle white cloudy layer were harvested and washed twice with DMEM (GIBCO, USA) at 1,000 rpm for 5 minutes. Cells were cultured and propagated in DMEM containing 10% fetal bovine serum (Hyclone, USA) at a concentration of 10×10^8^/ml. Transduction and antibiotic selection were performed using established methods in our lab [@B15]: Rabbit MSCs (p=4) were plated into a 24-well plate at 2×10^4^/well, a supernatant containing pMSCV-mHCN4-EGFP virus was mixed with medium at 1:1 and added into rabbit MSCs together with polybrene (Sigma, USA) at a final concentration of 2 μg/ml. Twenty-four hours after transduction puromycin at 2 μg/ml (Sigma, USA) was added and cells were selected for 10\~15 days to get transduced rabbit MSCs. Immunofluorescence was used to determine the gene expression level in the control group, EGFP group, and mHCN4 group. Cells were prepared at a suspension of 1 ×10^6^ cells/ml and incubated on ice less than 5 minutes before injection.

Patch clamp was used to detect If and the activation curve 10 days after antibiotic selection. The intracellular solution (mmol/l) was as follows: KOH 146, NaCl 10, CaCl~2~ 2.0, EGTA-KOH 5, Mg-ATP 2, HEPES-KOH 10, pH 7.2. Extracellular fluid (mmol/l) was: NaCl 140, NaOH 2.3, MgCl~2~ 1.0, KCl 5.4, CaCl~2~ 1.0, HEPES 5, glucose 10, aspartic acid 130, pH 7.4. Sealing resistance was more than 1.0 GΩ; clamping voltage was -40 mV; reference potential was -140\~-40 mV; step voltage was 10 mV; pulse width was 4,000 ms.

In vivo animal experiments and electrocardiogram
------------------------------------------------

Forty-eight male and female 2 month-old Japanese white rabbits, 1.8\~2.5 kg, were randomized into a control group (n=8, microinjected with 0.2 ml medium), EGFP group (n=20, injected with 0.2 mL pMSCV-EGFP transduced cell suspension), and mHCN4 group (n=20, injected with 0.2 mL pMSCV-mHCN4-EGFP transduced cell suspension). Animals were general anesthetized by 3% sodium pentobarbital (30 mg/kg via ear vein), and marked with 5-0 blue prolene sutures (Ethicon, USA) on the left ventricle free wall after median sternotomy to mark the injection region. The needle was inserted 2\~3 mm at an angle of 30° in the adjacent site with a microsyringe, and 0.2 mL allochthonous cell suspension was injected into epicardium at two sites after aspiration without blood. At 3 days, 1 week, 2 weeks and 4 weeks after transplantation, 2, 5, 5 rabbits were selected from each respective group and bilateral neck vagus nerves were separated under anesthesia. After chemical ablation of the sinoatrial node, bilateral vagus nerves were sequentially stimulated to create a bradyarrhythmia model (stimulation voltage 4\~6 V, stimulation frequency 10\~20 Hz). Premature left ventricular contraction or left ventricular rhythm was determined. After that, tissues were harvested through thoracotomy. Body surface electrocardiogram (ECG) was recorded throughout the experiments (RM6280C Multichannel electrophysiology signal acquisition system, Chengdu Instruments, Sichuan).

Histology and immunofluorescence
--------------------------------

Tissues were fixed with 4% PFA, paraffin embedded, and sectioned. Sections were stained with HE or DAB staining. Cryosections were used for immunofluorescence. Primary antibodies used include monoclonal rat anti-mouse HCN4 (1:1000, Abcam, USA), and polyclonal goat anti-rabbit connexin-43 (1:200, Santa Cruz, USA). Secondary antibodies used include phycoerythrin labeled goat anti-rat IgG (1:200, Abcam, USA), and donkey anti-goat IgG (Abcam, USA). Normal rabbit ventricular myocytes were used as positive control, and PBS was used as negative control in place of a primary antibody.

Statistical Analyses
--------------------

All data was presented as mean ± SD. T test and ANOVA analyses were performed with SPSS 10.0 software, P\<0.05 was considered significant.

Results
=======

Measurement of pacemaker current and activation curve in transduced cells
-------------------------------------------------------------------------

Time and voltage dependent hyperpolarization activated inward current could be detected in MSCs transduced with mHCN4, with an average current density of -42.6±3.8pA/pF under a reference voltage of -140mV (Fig. [1](#F1){ref-type="fig"}A). In contrast, no evident hyperpolarization activated inward current could be detected in the EGFP group (Fig. [1](#F1){ref-type="fig"}B). Apparent tail current could be detected when reference voltage depolarized to +20mV (Figure. 1C). Using reference voltage as the horizontal axis and normalized tail current intensity (pA/pF//pA/pFmax) as the vertical axis, the mHCN4 channel activation curve was plotted (Fig. [1](#F1){ref-type="fig"}D). The half maximal activation voltage was -97.8±5.3mV, activation potential was -62.5mV.

In vivo experiments and electrocardiogram
-----------------------------------------

One rabbit from the EGFP group and 1 from the mHCN4 group died at 5 days and 18 days after transplantation, respectively, and experiments of the remaining 46 rabbits were successful. No significant difference in ventricular escape rhythm was observed after chemical ablation of the sinoatrial node and sequential bilateral vagus nerve stimulation among the three groups at 3 days after transplantation. At 1 week after transplantation, only one rabbit in the mHCN4 group had a ventricular rhythm higher than the control group or EGFP group (Fig. [2](#F2){ref-type="fig"}). However, the mHCN4 group had significantly higher ventricular rhythm (p\<0.01) and shorter QRS duration (p\<0.05) than the control or EGFP group, respectively (Table [1](#T1){ref-type="table"}).

HE and DAB staining
-------------------

Morphology of the transplanted cells dynamically changed as observed by HE staining over time: At 3 days after transplantation, transplanted cells were round and clustered and had well-defined boundaries separating them from the adjacent normal ventricle myocytes (Fig. [3](#F3){ref-type="fig"}A). At 1 week after transplantation, the cells decreased significantly, and short spindle cells could be observed in the region adjacent to the normal ventricle myocytes (Fig. [3](#F3){ref-type="fig"}B). At 2 weeks after transplantation, the transplanted cells displayed gradual transition to the adjacent ventricle myocytes and spindle cells increased (Fig. [3](#F3){ref-type="fig"}C). At 4 weeks after transplantation, the surviving transplanted cells were in long-spindle morphology and could not be clearly discriminated from adjacent ventricle myocytes (Fig. [3](#F3){ref-type="fig"}D). In the control group, mild inflammation was observed in the transplanted region as determined by HE staining after medium injection, and no dynamic changes were observed. Cx43 and Cx45 could be detected between transplanted cells and host cells by DAB staining, which were brown linear granulates (Fig. [4](#F4){ref-type="fig"}).

Immunofluorescence Results
--------------------------

EGFP and mHCN4 could be detected in the transplanted cells at 3 days after transplantation. The cells were round, not spread, and were negative for Cx43. One week after transplantation, surviving transplanted cells decreased, a few were short and spindle-like, and positive for EGFP, mHCN4, and Cx43. Two weeks after transplantation, transplanted cells were long and spindle-like, with morphology similar to the adjacent ventricle myocytes. Cx43 could be detected between transplanted cells and host cells. Similar results could be observed 4 weeks after transplantation (Fig. [5](#F5){ref-type="fig"}).

Discussion
==========

Many advances have been made in the biological pacing field, and a few attempts have been made on in vivo biological pacing. Various cells with high autorhythmicity combined with infectious solution were transplanted into the atrial/ventricle free wall or transduction bundle, with an atrioventricular block model by radiofrequency catheter; transplanted cells derived ectopic rhythm could be determined. Histology also detected gap junctions formed between transplanted cells and host cells [@B16], [@B21]-[@B22]. Most of these studies were performed on bradyarrhythmia created in large animal models, such as dogs or pigs, by radiofrequency catheter. This method requires advanced equipment, is difficult to manipulate, and not suitable for small animal models [@B14], [@B23]. Additionally, electronic cardiac pacemaker implantation was usually required to keep the animal alive, which made the experimental procedure more complex and increased the cost. The heart is controlled by vagus nerves on the left and right side. The most abundant site vagus nerve is located in the atrial node, the second in the atrioventricular node. Stimulation of the heart vagus nerve can induce a release of acetyl choline from the postganglionic neurofiber endings, which affect the cholinergic receptor on the atrial node, the atrioventricular node, or cardiomyocytes membrane, leading to negative chronotropic and dromotropic action. Stimulation on the right vagus nerve at a certain frequency can decrease the heart beat and even lead to asystole. Stimulation on the left vagus nerve usually slowed down atrioventricular conduction. Intense stimulation lead to ventricular block, even complete conduction block in the atrioventricular junction region. In vivo pacing experiments on rabbits can effectively reflect therapy, and make it relatively easy to perform surgery, feed, and observe after surgery. Due to the relatively higher basic heart rate, direct vagus nerve stimulation is not ideal. We first reduced the basic heart rate by chemical ablation of the sinoatrial node and then stimulated bilateral vagus nerves. This enabled us to analyze the pacing function of biological pacing cells during a ventricular block, and restore the sinus rhythm after observation. The animal can be fed for a long time without electronic cardiac pacemaker implantation. This model is relatively simple, costs little, is suitable for big and moderate animals, and is more versatile.

There is evidence that the transplanted cells began to die 1 day after transplantation. Scaling up the transplanted cells from 6 million to 25 million did not enlarge the transplantation area, due to the death of a majority of the transplanted cells. It is now thought that the loss of transplanted cells can be attributed to two factors: The first one is a technical problem, and involves the cells remaining in the syringe, which leak into the ventricle chamber, pericardial cavity, vascular lumen or lymphatic system, and account for 45% of the total cells. The other one is cell death, which accounts for 50% to 75% of the total injection. Irreversible ischemic damage and apoptosis can be observed in dead cells under an electron microscope [@B24]. In this study, apparent aggregation of cell suspension could be observed in the epicardium when the injection volume reached 0.2ml. To reduce local tension, we did not inject the 1 ml that is usually used in studies. Transplanted cells formed a large aggregation in the transplanted region in tissue sections, and massive cell death could be found in the central region. Most of the surviving transplanted cells resided in a region adjacent to the normal ventricle myocytes, which may be due to the abundant cytokines and blood supply. We believe that greater injection volume is not better, as larger injection volume leads to higher tension, which can affect the survival rate of transplanted cells via dramatic changes of the microenvironment. Most of the injected cells died, and the surviving cells were those transplanted in regions adjacent to the normal ventricle myocytes. Therefore, small quantity and multi-site injection is beneficial for the survival of transplanted cells. Based on the dynamic changes of the transplanted cell morphology, the cells decreased in number as the shape changed gradually from round to spindle. After 2 weeks, most of the transplanted cells died and were absorbed, and the local damages induced by transplantation were largely repaired 2 weeks after transplantation. The surviving cells had similar morphology to the adjacent ventricle myocytes. Based on the gene expression and the function of transplanted cells, no significant difference in ventricular escape rhythm was observed among the 3 groups 3 days after transplantation. At 1 week after transplantation, only 1 rabbit in the mHCN4 group had a ventricular rhythm higher than the control group and EGFP groups. However, ventricular rhythm in the mHCN4 group was significantly higher than the control and EGFP groups at 2 weeks or 4 weeks after transplantation. Combined with the expression of gap junction proteins, we believe that transplanted cells were effective 2 weeks after transplantation.
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![A: If curve of cells in the mHCN4 group; B: No If can be detected in cells of the EGFP group; C: Tail current in mHCN4 cells when polarized to +20mV; D: If activation curve in mHCN4 cell.](ijmsv09p0513g01){#F1}

![Sinus rhythm and ventricle rhythm (arrow) after vagal nerve stimulation at 2 weeks after transplantation; A: control group, B: EGFP group, C: mHCN4 group (chart drive speed was 25 mm/s).](ijmsv09p0513g02){#F2}

![Transplanted cells observed by HE staining (x400); black arrow indicates transplanted cells, red arrow indicates host ventricle myocytes. A: Three days after transplantation, B: One week after transplantation, C: Two weeks after transplantation. D: Four weeks after transplantation.](ijmsv09p0513g03){#F3}

![Cx43 and Cx45 expression determined by DAB staining between transplanted cells and host cells; red arrow indicates positive signal, brown linear granulates (x400). 1: CX43, 2: CX45; A: Control group, B: EGFP group, C: EGFP-mHCN4 group.](ijmsv09p0513g04){#F4}

![Immunofluorescence of EGFP (Green) and mHCN4 (Red); nuclei were stained by DAPI (blue, x 400). 1: 3 days after transplantation, 2: 1 week after transplantation, 3: 2 weeks after transplantation, 4: 4 weeks after transplantation; A: control group, B: EGFP group, C: EGFP-mHCN4 group.](ijmsv09p0513g05){#F5}

###### 

Ventricular rhythm and QRS duration at 2 weeks after transplantation (mean ± SD). Compared to control group, \*: p\<0.01, \*\*: p\<0.05; Compared to EGFP group, △: p\<0.01, △△: p\<0.05.

                  Heart rate at 2 weeks (beat/min)   Heart rate at 4 weeks (beat/min)   QRS at 2 weeks (ms)   QRS at 4 weeks (ms)
  --------------- ---------------------------------- ---------------------------------- --------------------- ---------------------
  Control group   66±8                               67±9                               145±12                143±11
  EGFP group      68±5                               63±6                               142±9                 140±10
  mNCN4 group     93±9^\*△^                          91±8^\*△^                          120±11^\*\*△△^        121±13^\*\*△△^
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